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I n  r ecen t  years  s t u d i e s  have c l e a r l y  shown that enzymes f rom 
d i f f e r e n t  spec ies ,  which ca ta lyze  t h e  same r e a c t i o n ,  d i f f e r  i n  
t h e i r  c a t a l y t i c ,  physical ,  and immunological p rope r t i e s  .as we l l  as 
i n  t h e i r  amino a c i d  compositions. Margoliash and Smith have e luc i -  
dated d i f f e r e n c e s  i n  amino ac id  sequences f o r  cytochrome 2, which 
have been summarized i n  t h e  present  symposium. Oomparatlve enzymo- 
l o g i c a l  i n v e s t i g a t i o n s  h a v e l e d  t o  the  suggestion tha t  t h e  evolu t ion  
of enzymes may be r e l a t e d  t o  morphological evolut ion and/'consider- 
a b l e  s ign i f i cance  'ixinatural se l ec t ion ,  Furthermore, t he  comparative 
enzymological approach has added a new parameter t o  s t u d i e s  i n  syatem- 
a t i c s  and phylogeny. It i s  the purpose o f  t h i s  paper t o  descr ibe  
methods whereby the  r e l a t i o n s h i p  among t h e  same enzymes f r o m  d i f f e r -  
e n t  organisms can be compared; i n  a d d i t i o n ,  t h e  s ign i f i cance  o f  
changes i n  enzyme s t r u c t u r e  during evolu t ion  i s  discussed. The 
present  review d e a l s  l a r g e l y  w i t h  the  DPN-linked dehydrogenases. 
of 
I 
Coenzyme-Enzyme Relat ionships  
Comparative biochemical s t u d i e s  have demonstrated that t h e  
coenzymes a r e  ubiqui tous  i n  all l i v i n g  systems, and that the re  has 
been l i t t l e  or no evolutionary change i n  the  s t r u c t u r e  o f  coenzyme 
The p ro te ins  appear  t o  have been evolving and n o t  t he  small mole- 
cu le s .  
such observat ions.  We have found that a number o f  pyr id ine  bases 
can be incorporated i n t o  t h e  DPbl i n s t ead  o f  nicotinamide t o  f o r m  
It i s  worthwhile t o  consider b r i e f l y  t h e  imp l i ca t ions  o f  
8 .  
analogs o f  t h e  coenzyme (20I. 
(3-AcPy) (18,19); t h e  s t r u c t u r e  of t h i s  compdund i s  given i n  Fig,  1 ,  
One such base i s  3-acetylpyridine 
Fig,  1 
The quest ion may be asked why 3-AcPy cannot r e p l a c e  nicotinamide as  
a growth f a c t o r .  Table I Table I s h o w s  t h e  r e l a t i v e  r a t e  of  t h e  3-AcPy analog 
.' ' 
Y 3 
of DPN w i t h  a number of dehydrogenase 
An enzyme such a s  l i v e r  a lcohol  dehydrogenase has a h igher  turnover 
r a t e  w i t h  t h e  DPP analog t h a n  w i t h  t h e  n a t u r a l  coenzyme. If i t  i s  
assumed that a n  increased VmX w i t h  an enzyme i s  b e n e f i c i a l  t o  t h e  
organism, then  3-AcPy would be more valuable  t o  t h e  r a b b i t  as a v i t a -  
min than nicotinamide, p a r t i c u l a r l y  w i t h  r e spec t  t o  e thanol  oxidation. 
The d inuc leo t ide  analog can also e f f e c t i v e l y  rep lace  DPN i n  l i v e r  
glutamic dehydrogenase and in mitochondrial  malic dehydrogenases. 
However, enzymes such as  t h e  f-hydroxybutyrate dehydrogenase and t h e  
O(-glycerophosphate dehydrogenase show l i t t l e  o r  no a c t i v i t y  w i t h  t h e  
analog. There may be more than seve ra l  hundred d i f f e r e n t  pyr id ine  
nucleot ide- l inked enzymes i n  one organism. Hence, i f  t h e r e  was a 
change i n  t h e  na ture  o f  t h e  pyridine base during evolut ion,  a change 
i n  many pro te ins  w o u l d  consequently have been requi red  t o  accomodate 
t h e  modified coenzyme r e s u l t i n g  f r o m  t h e  a l t e r a t i o n  i n  t h e  s t r u c t u r e  
o f  t h e  vitamin. Such changes might have no e f f e c t  on some dehydro- 
genases,  as i nd ica t ed  i n  Table I, but t h e  chances that t h e  modified 
coenzyme could r ep lace  DPBT i n  a l l  DPN-linked p ro te ins  a r e  very s l i m .  
Therefore,  i t  seems reasonable t o  p r e d i c t  that a change i n  DPN 
s t r u c t u r e  would n o t  occur, because of t h e  l a r g e  number o f  enzymes 
that would be a f f ec t ed .  One might expect t h e  chances f o r  evolut ionary 
change i n  vitamins t o  be r e l a t e d  t o  t h e  number o f  d i f f e r e n t  types  
o f  enzymes o f  which the  p a r t f c s l a r  vftamin i s  a cons t i t uen t .  
In c o n t r a s t  t o  DPN, t he  s t r u c t u r e  o f  vitamin B , 2  has undergone 
changes without s i g n i f i c a n t  e f f e c t  on t h e  organism (4) .  This may 
have been due t o  t h e  f a c t  t h a t  t h e  B coenzyme is a co fac to r  f o r  
only a few enzymes. Minor a l t e r a t i o n s  o f  caro tene  o r  ubiquinone 
s t r u c t u r e s  may a l s o  have been poss ib l e ,  because these  c o f a c t o r s  a r e  
12 
4 
associated with only a relatively small number of proteins. 
is evident in the existence of both vitamin AI and vitamin A 2 .  
Evolution of enzymes requiring particular coenzymes, therefore, must 
This 
be restricted to the extent that the enzyme can interact with the co- 
factor. In view of the above facts, one must conclude that enzymes 
have undergone changes in structure as a result of primary sequence 
changes; whereas the various vitamins and coenzymes have experienced 
little evolution. 
There are two types of pyridine nucleotides - DPH and TPN - 
that occur in nature. 
They also appear to have different functions. Reduced DPN seems 
primarily to be used as a potential source of high energy phosphate 
in the form of ATP after oxidation. 
appears to have a primary role as a reducing agent. Aspects of the 
functional roles of the two nicotinamides containing coenzymes have 
been recently considered elsewhere (25), and will not be discussed 
in detail here. 
The two coenzymes are ubiquitously distributed. 
Reduced TPI?, on the other hand, 
A large number of enzymes are known that are either DPN- o r  
TPH-linked enzymes. 
specific, and w i l l  not react  with DDPlY. Some of the DPH-linked de- 
hydrogenases show slight activity with TPN. 
TPN specific dehydrogenases are usually very 
It is interesting that a large number of enzymes can react with 
a specific coenzjme such as DP5T. This would imply t h a t  there might 
be common structural features of the various DPZ dehydrogenases that 
are essential for the binding of the pyridine coenzyme. At present 
there are a number of DPN-linked dehydrogenases that have been 
purified and their properties studied in some detail. These in- 
vestigations permit at least a preliminary approach to comparative 
, Table 11 
Tables 
~ 111, IV 
s t u d i e s .  mowledge o f  t h e  p rope r t i e s  of TPH s p e c i f i c  enzymes i s  
r e l a t i v e l y  l i m i t e d  and the re  i s  now a v a i l a b l e  l i t t l e  information 
f r o m  which a comparison o f  p rope r t i e s  of  t h e  TPN- and DPB-linked 
dehydrogenases can be made. In this paper, only t h e  DPX-linked 
p r o t e i n s  a r e  considered. 
S i z e  o f  t h e  Dehydrogenases 
During t h e  past s e v e r a l  years ,  we have c r y s t a l l i z e d  a l a r g e  
number o f  DPN-linked s p e c i f i c  l a c t i c  dehydrogenases (LDB's) and have 
s tud ied  t h e i r  p r o p e r t i e s  i n  some d e t a i l .  In m o s t  animals t h e r e  a r e  
e s s e n t i a l l y  two main types of LDH. One type we have r e f e r r e d  t o  as  
t h e  H form, s i n c e  it is f o u n d  l a r g e l y  in h e a r t  muscle; and t h e  second 
type  we have termed t h e  M type &DH, because it i s  usually present  in 
s k e l e t a l  muscle. 
under t h e  con t ro l  o f  separate genes; each has q u i t e  d i f f e r e n t  physi- 
cal ,  c a t a l y t i c  and immunological p rope r t i e s .  Differences i n  amino 
a c i d  compositions o f  t h e  two types a r e  e a s i l y  de t ec t ab le ,  as i l l u s -  
t r a t e d  i n  Table 11, f o r  the  chicken and f o r  t h e  beef enzymes. The 
chicken M c a t a l y s t  has a n  unusually high number o f  h i s t i d i n e  r e s i -  
dues. T h i s  h igh h i s t i d i n e  content is c h a r a c t e r i s t i c  of avian M 
type LDH's (Table 111). 
l i s t s  only f o r  a number of ve r t eb ra t e  H LDH's and M LDH's and a 
few se l ec t ed  amino a c i d s ,  s h o w  that  c l o s e l y  r e l a t e d  spec ie s  appear  
t o  have r e l a t i v e l y  similar amino a c i d  compositions. Ce r t a in  amino 
a c i d s  appear t o  be more var iab le  than  o thers .  For example, In t h e  H 
type,  t h e  number o f  h i s t i d i n e  units appears  t o  have changed consider- 
a b l y  during evolut ion,  whereas t h e  phenylalanine conten t  seems t o  
have var ied l i t t l e .  Some changes can be de tec ted  i n  a r g i n i n e  and 
The M type LDH and t h e  H type LDH appear  t o  be 
Tables I11 and I V ,  which have s e l e c t i v e  
r 6 
I '  
Table V 
Q 
Table VI 
isoleucine residues of the H type, whereas the values for lysine 
appear to be quite constant. 
Examination of the tryptic fingerprint patterns of the chicken 
H LDH and M LDH indicated that approximately one-half of the pep- 
tides was different (Table V) (15). A comparison of the patterns 
of the chicken H and dogfish M enzymes showed that there were con- 
siderable differences in the primary structures of these two related 
LDH's. H LDH's from different species were also different. As 
indicated in the table, less tryptic peptides were found when equal 
mixtures of chicken A and turkey H LDH were chromatographed than when 
equal mixtures of chicken H and beef H were run together. These re- 
sults indicate that there a r e  less differences between the chicken 
and the turkey enzyme than between the chicken H LDH and the beef H 
LDH. This is what would be expected. Differences in M type LDH's 
are also shown by this method of "fingerprint" comparison. It seems 
that one can make a preliminary index of differences between two 
enzymes by fingerprinting the enzymes together and then counting the 
number of peptides. 
enzymes are fingerprinted together over the quantity observed when 
they are fingerprinted separately gives this Index of difference. 
From the analysis of fingerprint patterns it I s  evident that there 
has been considerable change in the primary structures of the LDH's 
during evolution. 
Although the LDH's vary considerably in many of their proper- 
The increase in number of peptides when the 
ties, they all appear to have about the same molecular weights 
(Table VI). 
approximately the same size as the animal enzymes. A preliminary 
The L specific LDR from Lactobacillus arabinosus is 
estimate, by Hiss E. Tarms of our laborators. of the molecular weight 
0 
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of Escherichia  c o l i  L s p e c i f i c  LDH gave a weight about t h e  same as 
that o f  t h e  Lac tobac i l lus  enzyme. In c o n t r a s t ,  t h e  I) s p e c i f i c  LDH's 
f r o m  Leuconostoc mesenteroldes and h c t o b a c i l l u s  arabinosus have 
somewhat lower molecular weights than  t h e  L s p e c i f i c  dehydrogenases, 
w i t h  values  o f  about  85,000. The L s p e c i f i c  LDH's a l l  appear  t o  
I have the same shape, a s  ind ica ted  by t h e i r  similar sedimentation 
!€!able cons t an t s  (Table VIL). 
VI1 
The L s p e c i f i c  D H ' s  c o n s i s t  o f  f o u r  subun i t s  o f  i d e n t i c a l  
akout 
weights of/35,000. 
a r e  i d e n t i c a l .  However, i n  c e l l s  that synthes ize  b o t h  types  of LDH 
polypeptides,  hybr ids  containing units o f  t h e  M f o r m  and t h e  H form 
In the  pure H o r  M enzymes, t h e  four subuni t s  
can be detected.  
Most DPH-linked dehydrogenases apparent ly  consist  of subuni t s  
Table (Table VIII) ; the mannitol-1-phosphate dehydrogenase of  Aerobacter 
VI11 
aerogenes i s  a n  exception tha t  appears  t o  c o n s i s t  o f  a s i n g l e  poly- 
pept ide  chain. As i nd ica t ed  i n  Table VIII, t h e  s i z e  of t h e  subuni t s  
o f  t h e  var ious dehydrogenases i s  approximately t h e  same. These data 
suggest t h e  p o s s i b i l i t y  that a l l  DPN-linked dehydrogenases a r o s e  
f r o m  a common a n c e s t r a l  dehydrogenase, and that t h e  s i z e  o f  t h e  genes 
respons ib le  f o r  s y n t h e s i s  of dehydrogenases has not  been a l t e r e d  
apprec iab ly  d u r i n g  dup l i ca t ion  and evolut ion.  
I n  genera l  we, as w e l l  as o the r  i n v e s t i g a t o r s ,  have found that 
t h e  molecular weights o f  l i k e  enzymes f r o m  d i f f e r e n t  spec ie s  a r e  
q u i t e  similar. Recently we have used Sephadex columns t o  es t imate  
molecular weights. 
tween values  obtained by sedimentation methods as compared t o  t h e  
molecular weights determined by the Sephadex procedure. Mr. B. K i t t o  
and Mr. J. Everse of  our l abo ra to ry  have r e c e n t l y  surveyed t h e  
We have found a n  unusually good c o r r e l a t i o n  be- 
weights of malic dehydrogenases from many sources, 
line malic dehydrogenases have been found by the Ehrenberg method (12) 
to be 67,000 (16,36): an almost identical value was obtained by the 
use of a Sephadex G-100 column. 
extracts can be eluted from the Sephadex column In the identical m y  
that they can with the purified proteins. With the Sephadex column 
it is possible to estimate the molecular weights of the malic dehy- 
drogenases directly in crude extracts without purification. 
Several crystal- 
The malic dehydrogenases In crude 
c 
As shown 
and IXA, 
Table IX, in TablesIX,, nearly all malic dehydrogenases examined gave values of 
IXA 
67,000. Only a few of the Bacillus species (those principally related 
to - B. subtilis) had the higher value of g'l',OOO. The higher molecu- 
lar weight obtained for the 2. subtilis enzyme is easily reproducible 
on the Sephadex/. The value obtained for the Bacillus malic dehydro- 
genase does not appear to be due to an artifact. 
c0iZ;m 
D r .  W. Murphey of 
our laboratory has recently obtained the 2. subtilis malic dehydro- 
genase in pure form; this enzyme retained the molecular weight of 
97,000 on the Sephadex 6-100 column. 
was obtained by the Ehrenberg ultracentrifugal method; there seems 
A molecular weight of 100,000 
to be no doubt that the molecular weight of the subtilis malic dehy- 
drogenase is larger than that found in most organisms. 
worthwhile to determine whether the difference i n  size observed with 
It will be 
the subtilis enzyme i s  due to the fact that this enzyme contains three 
subunits instead of the usual two, 
Active Site o f  Dehydrogenases 
Most DPN-linked dehydrogenases seem to contain essential sulf- 
hydryl (-SH) groups that can react with alkylating agents or with 
mercurials. These essential groups appear to be involved largely 
c 
9 
Pig. 2 in t h e  coenzyme binding s i t e .  Figure 2 shows the  i n a c t i v a t i o n  pro-  
duced by iodoace ta te  w i t h  c r y s t a l l i n e  horse l i v e r  a lcohol  dehydro- 
genase [I!&-s~E!. Ethancl exe r t s  same p r c t e c t i o n  a g a i n s t  this i n a c t i -  
va t ion ;  t h e  reduced DPN, however, g ives  complete pro tec t ion .  It bas 
been t h e  usual observat ion that t h e  s u b s t r a t e  o f f e r s  l i t t l e  protec-  
t i o n  a g a i n s t  -SH reagents., Lac ta te  and pyruvate a r e  i n e f f e c t i v e  w i t h  
LDH ( 1  1 ). The p ro tec t ion  o f  e thanol ,  however, on t h e  HL-ADH i s  
reproducible .  
It has been f o u n d  t& pmercur ibenzoate  can i n a c t i v a t e  chicken 
H and beef H LDH. The ex ten t  o f  i n a c t i v a t i o n  o f  these  enzymes depends 
on t h e  number of moles of mercurial. bound ( 7 1 ) .  For example, when 
one mole o f  mercurial  is bound, approximately 25% of  t h e  enzymatic 
a c t i v i t y  i s  l o s t .  These t i t r a t i o n s  suggest  that t h e r e  i s  one a c t i v e  
-SH group per subuni t  of t h e  LDH. Af t e r  2-mercuribenzoate binding, 
the a c t i v i t y  can be r e s to red  by t h e  a d d i t i o n  cf cys te ine .  DPNH and 
AcPyDPNH can p r o t e c t  a g a i n s t  t he  binding o f  t h e  mercurial  and thereby 
prevent i n a c t i v a t i o n ;  t h e  oxidized coenzymes have somewhat l e s s  o f  a 
p r o t e c t i v e  a c t i o n  ( s e e  Fig .  3 ) .  The r a t e  o f  r e a c t i o n  o f  p m e r c u r i -  
benzoate w i t h  t h e  beef H LDH and chicken H LDH is q u i t e  s low.  It 
should be pointed o u t  that only s l i g h t l y  more than f o u r  -SH groups 
Big. 3 
Table X r e a c t  per  mole o f  enzyme. As i nd ica t ed  i n  Table X, t h e  t o t a l  -SH 
groups of d i f f s r e t t  - H a s  vary. 
The unusually l o w  number or” only s i x  cys t e ines  i n  the  f r o g  M 
LDH l e d  us t o  i n v e s t i g a t e  t h i s  enzyme i n  d e t a i l .  
s i x  cys t e ines  i s  somewhat d i s tu rb ing ,  s ince  this would g ive  one-and- 
a-half -SH groups per  subuni t .  Eight c y s t e i c  a c i d  r e s idues ,  however, 
were found a f t e r  performic a c i d . o x i d a t i o n  o f  t he  f r o g  M LDH. We 
bel ieve  tha t  during t h e  p u r i f i c a t i o n  of t h e  enzyme two o f  tti’e -SH 
The f ind ing  o f  only 
- 
Eig. 4 
t 
70 
groups might have been oxidized. The s toichiometry o f  binding of 
pmercur ibenzoate  t o  t h e  loss of  enzymatic a c t i v i t y  o f  a number o f  
LDH's i s  compared i r ?  Fig.  4. The f r o g  14 enzyme I s  q u i t e  d i f f e r e n t  
f r o m  t h e  mammalian o r  a v i a n  LDH's i n  that only a f t e r  two moles o f  
pmercur ibenzoate  a r e  bound i s  any l o s s  o f  c a t a l y t i c  p r o p e r t i e s  ob- 
served. However, t h e  a d d i t i o n a l  f o u r  cys t e ines  r e a c t  t o  g ive  a 
s to ich iometry  o f  i n h i b i t i o n  I d e n t i c a l  t o  that described f o r  t h e  beef 
H LDH and t h e  chicken H LDR, D r .  T, Fondy o f  our  l abora to ry  has 
found that t h e  t w o  f a s t  r eac t ing  -SH groups o f  t h e  f r o g  LDH w i l l  
a l s o  r e a c t  w i t h  iodoace ta te .  None o f  t he  -SH groups i n  t h e  na t ive  
a v i a n  and mammalian LDH's will r e a c t  w i t h  the  a l k y l a t i n g  reagent .  
The first two -SH groups p e r  subuni t  o f  d o g f i s h  M LDH appear n o t  
t o  be  e s s e n t i a l  f o r  enzymatic a c t i v i t y ,  whereas t h e  t h i r d  and slower 
r e a c t i n g  group ( c y s t e i n e )  i s  e s s e n t i a l ,  In t h e  h a l i b u t  enzyme, t h e r e  
appear  t o  be t h r e e  -SM m o i e t i e s  per  subuni t ,  which r e a c t  f a s t e r  than 
t h e  e s s e n t i a l  -SH groups. It s h o u l d  be emphasized that reduced DPN 
and i t s  analogs i n t e r f e r e  w i t h  t h e  binding o f  E-mercuribenzoate t o  
only t h e  e s s e n t i a l  -SH groups and not w i t h  t h e  non-essent ia l  -SH's. 
Dr. Bondy has been a b l e  t o  ob ta in  a pept ide f rom t h e  f r o g  M 
LDH that contains the apparent e s s e n t i a l  -SH group involved i n  t h e  
binding of t h e  pyr id ine  coenzyme., 
n a t i v e  enzyme with "cold" iodoace ta te ,  then removfng t h e  excess o f  
t h e  reagent  by d i a l y s i s .  Only +,he two non-essent ia l  -SH groups o f  
t h e  f r o g  dehydrogenase were a lkyla ted ,  The four e s s e n t i a l  -SHss 
were a lky la t ed  by t h e  use of C I 4  iodoace ta te  i n  6 M urea.  A f t e r  
t r y p t i c  d i g e s t i o n ,  t h e  pept ides  were f i n g e r p r i n t e d  by high vol tage  
e l ec t rophores i s ,  and a l l  t h e  r a d i o a c t i v i t y  w a s  found e s s e n t i a l l y  i n  
one pept ide ,  This pept ide  was ex tens ive ly  p u r i f i e d  and i t s  composition 
This was achieved by r e a c t i n g  t h e  
determined, Since t h e  p o s i t i o n  a f t e r  migration of t h e  pept ide w a s  
known, treatment o f  f i v e  o t h e r  LDH's w i t h  C iodoace ta te  i n  urea l e d  
t o  the ffnding t ha t  t h e  saze pept ide i s  present in Li>H's o the r  than 
t h e  f r o g  H enzyme. These r e s u l t s  t he re fo re  suggest that a n  a c t i v e  
14 
s i t e  pept ide  containing an  -SH group and involved i n  coenzyme binding 
i s  common t o  a l l  LDH's, The pept ide has been found both  in t h e  H and 
M type o f  U)H of  the same species.  
The amino a c i d  sequence o f  t h e  "ac t ive  s i t e "  has now a l m o s t  
Fig. 5 unequivocally been e s t a b l i s h e d  and i s  shown i n  Fig,  5. A l s o  shown 
in t h e  f i g u r e  a r e  a c t i v e  s i t e  pept ides  for t r iosephosphate  dehydro- 
genase ( T P D ) ,  obtained by Perham and Harris (30), as  we l l  as  those 
f o r  y e a s t  a lcohol  dehydrogenase (Y-ADH) and HL-ADH r e c e n t l y  repor ted  
by Harris (17). 
t o  that r e c e n t l y  determined by Li and Vallee (28) .  With r e spec t  t o  
TPD, t h e  sequence i s  i d e n t i c a l  w i t h  bo th  t he  y e a s t  and t h e  r a b b i t  
enzymes. Although t h e r e  a r e  some obvious d i f f e rences ,  t h e  similari- 
The sequence f o r  t h e  EL-ADH i s  r e l a t i v e l y  similar 
t i e s  among the  var ious  dehydrogenases suggest that t h e i r  sequences 
a r e  r e l a t e d .  O f  p a r t i c u l a r  i n t e r e s t  a r e  t h e  c l o s e  s i m i l a r i t i e s  between 
t h e  two a lcoho l  dehydrogenases even though t h e  t w o  enzymes show great 
d i f fe rences  i n  t h e i r  s p e c i f i c i t i e s  as  w e l l  as i n  o t h e r  c a t a l y t i c  
p rope r t i e s .  The D E  sequence seems t o  be somewhat c l o s e r  t o  t h e  
sequence o f  t h e  t w o  a lcoho l  dehydrogenases than t o  that o f  t h e  TPD 
pept ide.  We a r e  a t  p re sen t  a t tempting t o  e l u c i d a t e  t h e  sequence o f  
"ac t ive  s i t e "  pept ides  f r o m  glutamic and malic dehydrogenases, 
Amino Acid Oompositions o f  Dehydrogenases 
The i d e a l  method f o r  e l u c i d a t i n g  evolut ionary changes I n  enzymes 
would,  of course, be t o  show t h e  number of changes i n  the amino a c i d  
t 12 
sequence. This approach 
Smith for cytochrome 2. 
has been carried out by Margoliash and 
However, "sequencing" is such a time- 
consuming endeavor that it seems impractical to consider such an 
approach as a useful adjunct In  evolutionary studies. 
Some index of relationships can be determined by comparisons 
of the amino acid composition. As discussed on p. 5, with respect 
to the LDH's, enzymes from closely related species generally can be 
recognized by their amino acid compositions; the extent of changes 
in amino acid composition Paries with different dehydrogenases. 
Table XI Table XI gives the amino acid compositions of 1 1  TPD's from differ- 
ent sources ( 2 ) .  Although there are some definite differences 
among them, the changes are not quite as dramatic as those observed 
with the LDH's. 
isolated from closely related species have similarities in their 
patterns of amino acid distribution. Within the limitations of the 
method, the beef and rabbit enzymes appear to be identical in amino 
acid cornposition. The human TPD differs significantly, in some 
respects, from the beef and rabbit proteins; it has fewer residues 
of basic amino acids, a higher number of aspartic acids, a higher 
number of serine moieties, and fewer valine residues. It is note- 
worthy that catalytic differences also distinghish the human catalyst 
from the rabbit and beef dehydrogenases. 
enzymes seem to have almost identical compositions. On the other 
hand, the compositions of the two bony fishes are somewhat different; 
these differences are also suggested by immunological experiments. 
When enzymes from taxonomically distinct sources are analyzed, 
considerable differences in certain amino acid residues are observed. 
For example, the lobster dehydrogenase has a considerably lower basic 
It is clearly indicated, however, that the TPD's 
The three galliform bird 
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amino a c i d  ( h i s t i d i n e  and a rg in ine )  content  than d o  - t h e  v e r t e b r a t e  
enzymes. 
t h a t  Ois t ioguish  them f r o m  each o the r  8 s  wel l  as from t h e  a n i m l  
p ro te ins .  
t h e  cons t an t ly  high proport ion o f  r e s idues  w i t h  a l i p h a t i c  hydrocar- 
bon s i d e  chains. A f u r t h e r  f e a t u r e  i s  t h e  r e l a t i v e l y  cons tan t  num- 
ber o f  amino a c i d  r e s idues  (1083 t o  1 1  17) i n  a l l  o f  t he  enzymes; 
t h i s  f a c t  suggests  that the s i z e  of  the  gene has not  been appreci-  
a b l y  a l t e r e d  during evolution. 
The c o l i  and y e a s t  enzymes have a number o f  d i f f e rences  
A f e a t u r e  that appears t o  be common t o  a l l  t h e  TPD's is 
Use o f  C a t a l y t i c  Oharac te r iza t ions  i n  Evolutionary S tudies  
Close ana lyses  of  t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h e  same enzyme 
f r o m  a v a r i a n t  spec ies  have ind ica ted  that d i f f e r e n c e s  e x i s t  i n  t h i s  
enzyme that may be valuable  i n  phylogenic and taxonomic s tud ie s .  
These d i f f e rences  a r e  r e f l e c t e d  by a f f i n i t i e s  f o r  s u b s t r a t e  o r  co- 
enzyme, r e l a t i v e  r a t e s  o f  r eac t ion  w i t h  s e v e r a l  d i f f e r e n t  s u b s t r a t e s  
o r  coenzyme analogs,  as wel l  as by t h e  i n h i b i t i o n  o f  excess s u b s t r a t e  
and var ious types of i n h i b i t o r s .  I n  o u r  comparative s t u d i e s ,  we have 
ex tens ive ly  used DPBT and TPH analogs t o  show d i f f e r e n c e s  i n  pyridine 
nuc leo t ide  r equ i r ing  enzymes. 
of  t h i s  use. 
Here we shall g ive  only a few examples 
Table XI1 Table XI1 shows the d i f f e rence  o f  DPB analogs w i t h  Y-ADH and 
KL-ADH (23). The Y-ADH i s  much more s p e c i f i c  than  t h e  HL-ADH and 
r e a c t s  t o  only a s l i g h t  extent  w i t h  m o s t  o f  t h e  coenzyme analogs. 
Severa l  o f  t h e  analogs g ive  higher maximum r a t e s  o f  r e a c t i o n  w i t h  
t he  HL-ADH than w i t h  t h e  natural coenzyme. 
A comparison of  r e l a t i v e  r a t e s  o f  r e a c t i o n  with s e v e r a l  co- 
enzyme analogs has been made f o r  LDH f o r  a l a r g e  number o f  d i f f e r e n t  
- 
- 
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animals. Table X I 1 1  summarizes t h i s  study b r i e f l y  f o r  bo th  t h e  H 
type LDH and t h e  M type LDH (40). 
and t h e  If LDB's of  a s i n g l e  spec ies  can e a s i l y  be d is t inguished .  
As shown i n  t h e  t a b l e ,  t he  H type enzymes f r o m  d i f f e r e n t  mammals a r e  
q u i t e  similar; t h e  M enzyme shows somewhat more v a r i a t i o n  i n  the 
mammals. Differences i n  ratios among t h e  var ious c l a s s e s  o f  ver te -  
b r a t e s  a r e  a l s o  observed. 
By such a comparison t h e  H LDH's 
I n  our e a r l y  s t u d i e s  w i t h  t h e  coenzyme analogs,  we were amazed 
by t h e  d i f f e rences  found i n  the phylum Arthropoda  (21 ) .  It w a s  
found  that t h e  crustacean muscle LDH could  be charac te r ized  by a 
much h igher  r e a c t i v i t y  w i t h  the AcPyDPI? than  w i t h  DPN i t s e l f  ( s e e  
Table XIV). In c o n t r a s t ,  l imulus (horseshoe c rab )  possesses  an 
enzyme that g ives  a h igher  r a t e  of  r e a c t i o n  w i t h  t h e  natural co- 
enzyme than  with t h e  analog, Furthermore, t h e  thionicotinamide 
analog (TDPIO) reac ted  w i t h  the crustacean enzymes but no t  w i t h  t h e  
l imulus LDH. Other arachnids  r eac t ed  s i m i l a r l y  w i t h  t h e  two DPN 
analogs as d i d  t h e  l imulus LDH. From such c a t a l y t i c  data, i t  can 
e a s i l y  be seen that the  LDH's o f  t h e  Ar th ropoda  f a l l  i n t o  two main 
groups, and that t h e  d i v i s i o n  o f  t h e  LDH's i s  c e r t a i n l y  i n  l i n e  
w i t h  t h e  known c l a s s i f i c a t i o n  o f  th i s  phylum. The i n s e c t s  - 
_ _  , by the  LDH c r i t e r i a ,  appear  t o  be more c l o s e l y  r e l a t e d  
t o  t h e  c rus taceans  than t o  t h e  arachnids.  This agrees  w i t h  t h e  con- 
census of' views on c l a s s i f i c a t i o n  o f  t h e  Ar th ropoda .  
There appear t o  be two types o f  LDH i n  i n v e r t e b r a t e s  as  we l l  
as i n  ve r t eb ra t e s .  However, d i f f e rences  i n  c a t a l y t i c ,  chemical and 
phys ica l  p r o p e r t i e s  of LDH's make it a l m o s t  impossible a t  p re sen t  
t o  a s c e r t a i n  whether t he re  i s  an a n c e s t r a l  enzyme o f  e i t h e r  t h e  
v e r t e b r a t e  H o r  M i n  t h e  inve r t eb ra t e s .  It w i l l  be i n t e r e s t i n g  t o  
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determine if such relationships exist or whether the gene duplication 
into H and M occurred as an independent evolutionary event in both 
invertebrate s and vert e brat es . 
Table XV Table XV shows another example of the use of the catalytic 
method in studies of classification. It is well known, as illustrated 
in the table, that there is considerable variation in the $ of G+C 
content of DNA of members of the Bacillus group. 
properties with the malic dehydrogenases from the various Bacilli 
correlate with the DNA composition of the enzymes. 
reaffirms that closely related species have like enzymes as indicated 
by their catalytic characteristics. Listed i n  Table XV is an or- 
ganism (megaterim cereus) supposedly an intermediate between the 
The catalytic 
This correlation 
two types of ?acillus, whichappears to be very closely related to 
cereus and not to megaterium. The relationship among the Bacilli 
is not limited to the malic dehydrogenases but the same relationships 
are shown in analog reactions rates with the mannitol-l-phosphate 
dehydrogenase (Table XV) . 
Relationships of enzymes also can be ascertained by the use of 
inhibitiors. A number of yearlji ago, we studied the Inhibitory effect 
of a number of pyridine bases on the enzyme DPNase which cleaves 
DPH at the nicotinamide riboside bond (42). It was found, as shown 
Table in Table X V I ,  that isonicotinic acid hydrazide strongly inhibited 
XVI 
the DPblase from a number of ruminants but not the enzyme from other 
animals (42). 
demonstrate that a particular characteristic (isonicotinic acid 
hydrazide sensitivity) is limited to one group of mnmnvlls, and that 
this particular characteristic Is a feature of all mmlnant DPNases. 
By such inhibition studies it may be possible to detect subtle 
These results are particularly interesting since they 
.. 
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evolutionary changes in a given enzyme. 
Table X V I I  Table X V I I  summarizes data on the ,nhi,,tion of a number 0: 
TPD's by the pyridine-3-aldehyde analog of DPH (Py3AlDDPEJ) and shows 
that differences among the various crystalline dehydrogenases can 
be detected. The human enzyme has a somewhat different inhibition 
pattern as compared to the beef and rabbit proteins. This difference 
is also reflected in some physical properties. Data such as given 
in Table XVII are  useful for showing relationships as well as for 
indicating subtle differences. 
Immunological Characterizations 
Immunological methods have been used to show that similar 
proteins in different species vary in structure (27,5), and it has 
been possible in thls way to show the relaionship of enzymes in 
various species (6,7,41,1,3,40,39). 
In o u r  immunological comparisons we have used primarily the 
micro complement ( a ' )  fixation method of Wasserman and Levine (37). 
For comparative purposes only the enzyme to be used as the immuniz- 
ing antigen must be pure. If the purity of the Immunizing antigen 
is definitively established, then it is possible to carry out cross 
reactions with crude tissue extracts. It should be emphasized that 
this method gives the same fixation curves whether the antigen is in 
the pure form or whether it is present in crude extracts. The micro 
C' fixation method is advantageous because the procedure requires a 
hundred to a thousand times less enzyme or antibody than is necessary 
for other quantitative immunological methods. 
Another advantage of the micro 0 '  fixation method is that this 
meth0.d is considerably more sensitive to changes in structure than 
t h e  q u a n t i t a t i v e  p r e c i p i t i n  o r  t h e  usual micro C' f i x a t i o n  method; 
Table 
X V I I I  
Table 
XIX 
t h i s  f a c t  a l l o w s  f o r  t h e  recogni t ion  o f  d i f f e rences  among homologous 
p r o t e i n s  of d i f f e r e n t  species  tha t  i s  n o t  p w s i b l e  by t h e  o the r  
methods ( see  Table X V I I I ) .  The r e l a t i v e l y  l a r g e  d i f fe rencesgiven  
the 
by t h e  homologous andAheterologous r e a c t i o n  w i t h  t h e  d ive r se  types  
o f  p r o t e i n s  s t rong ly  ind ica t e  that t h e  micro 0' f i x a t i o n  procedure 
i s  a d e s i r a b l e  method f o r  taxonomic and evolut ionary s tud ie s .  
The m i c r o  C' f i x a t i o n  method can d e t e c t  d i f f e rences  i n  which 
a change o f  only one amino a c i d  i s  involved, as indica ted  by a 
comparison o f  t h e  r e a c t i o n  of human hemoglobins S and C w i t h  a n  
ant ibody t o  hemoglobin A (see Table XIX) ( 3 3 ) .  The d a t a  i n  t h i s  
t a b l e  suggest  that t h e r e  I s  a c o r r e l a t i o n  between t h e  number o f  
sequence d i f f e rences  and t h e  c r o s s  r e a c t i o n  by C' f i x a t i o n .  This 
p o s s i b i l i t y  i s  now under in t ens ive  s tudy i n  o u r  l abo ra to ry  as we l l  
as i n  o the r  l a b o r a t o r i e s .  
The index o f  d i s s i m i l a r i t y  between t h e  f i x a t i o n  r e a c t i o n s  o f  a 
homologous and a heterologous a n t i g e n  has been def ined as t h e  r a t i o  
o f  ant iserum requi red  t o  give 50% f i x a t i o n  w i t h  t h e  homologous a n t i -  
gen, as compared t o  t h e  amount o f  ant iserum t o  g ive  50% f i x a t i o n  
w i t h  t h e  heterologous ant igen.  A value o f  10 would mean that f o r  a 
heterologous enzyme 10 times more ant ibody i s  requi red  than f o r  t he  
homologous enzyme t o  g ive  50% C' f i x a t i o n .  
Table XX Table XX conta ins  data showing the  d i s s i m i l a r i t y  o f  s e v e r a l  
enzymes and hemoglobins from d i f f e r e n t  spec ie s ,  as compared t o  t h e  
chicken. The turkey p ro te ins  a r e  q u i t e  c l o s e  t o  t h e  chicken p ro -  
t e i n s ;  t h e  two turkey LDH's can be d i s t ingu i shed  f rom t h e  co r re s -  
ponding enzymes In t h e  chicken, whereas w i t h  t he  o the r  p r o t e i n s  
l i s t e d ,  no d i f f e rences  can be de t ec t ed  by the C' f i x a t i o n  method. 
i 
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The indexes o f  d i s s i m i l a r i t y  increase  f rom t h e  turkey t o  f i sh  i n  
r e l a t i v e l y  t h e  same way w i t h  each immune system i n  a manner that 
might be expected f r o m  the  evolutionary p o s i t i o n s  o f  t he  var ious  
spec ie s ,  T h i s  f a c t  suggests  that p a r a l l e l  r a t e s  o f  change i n  
enzymes m i g h t  have occurred during evolution. The r a t e s  a r e  by no 
means i d e n t i c a l ,  but the o r d e r  o f  magnitude i s  roughly t h e  same. 
Table XXI shows that changes i n  LDH and TPD have also occurred 
i n  f i s h  , The indexes of  d i s s i m i l a r i t i e s  a r e  given f o r  var ious 
fish, 
i n  an approximate evolut ionary s e r i e s ,  Close r e l a t i v e s  of t h e  hal i -  
but a r e  l i s t e d  nea r  the t o p ;  t h e  more d i s t a n t  r e l a t i v e s  a r e  a t  t h e  
bottom of t h e  t ab le .  It is noteworthy that c l o s e l y  r e l a t e d  f i s h  
have r e l a t i v e l y  rsimilar indexes of d i s s i m i l a r i t i e e  a a  oompared t o  
t h e  h a l i b u t .  
as compared t o  t h e  h a l i b u t  TPD and LDH, The f i sh  a r e  arranged 
Table XXII presen t s  da ta  w i t h  an  ant ibody t o  l o b s t e r  TPD, wlth 
r e s p e c t  t o  indexes o f  d i s s i m i l a r i t y  t o  t h e  dehydrogenase from o t h e r  
Arthropods. The evolut ionary r e l a t i o n a h i p s  a r e  again q u i t e  apparent .  
The us$ of t h e  immunologioal s t r u c t u r e  of  a n  enzyme as a means 
o f  determining taxonomic d i s t ance  is shown f o r  t he  Bnterobaoter lacae 
i n  Table XXIII. An ant ibody t o  Esoherlahia  c o l i  phosphatase can 
r e a c t  w i t h  the  enzyme f r o m  E. f r e u n d l i  t o  t h e  same ex ten t  as the 
homologous enzyme. However, the  enzyme does not  r e a a t  ae w e l l  with 
the  Aerobacter aerogenas phosphatase, r e a o t s  l e s s  so with S e r r a t i a  
marcescens, and very poorly with t h e  Proteus species .  The orde r  o f  
c ros s  r e a c t i o n  c o r r e l a t e s  with t h e  taxonomio r e l a t i o n s h i p  o f  the 
organism. 
Dr. Allan Wilson has made a d e t a i l e d  comparison o f  t h e  re la t lon-  
ehips  o f  enzymes f r o m  halibut, chloken, and t h e  sturgeon (Table XXIV). 
The t a b l e  a l s o  inc ludes  some r e s u l t s  w i t h  two o ther  higher  t e l e o s t s ,  
t h e  tuna and t h e  mackerel. With t h e  exception o f  t h e  H4, it  i s  evi-  
p r o t e i n s  than  t o  those  of t h e  h igher  t e l e o s t s .  Conversely, i t  has 
l 
. 
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Temperature S t a b i l i t y  and Elec t rophores i s  
Table 
XXV 
Cer t a in  phys ica l  c r i t e r i a ,  such as  temperature s t a b i l i t y  and 
e l ec t rophore t i c  migration, can be used as parameters for showing 
r e l a t i o n s h i p s  of enzymes from d i f f e r e n t  species .  An i n t e n s i v e  study 
of t h e  e l ec t rophore t i c  p rope r t i e s  and S t a b i l i t y  o f  t h e  H4 LI)B o f  
v e r t e b r a t e s  has been made i n  our l abora to ry  and i s  summarized i n  
Table XXV. These measurements can be made i n  crude e x t r a c t s ,  i f  
c a r e f u l l y  con t ro l l ed  condi t ions a r e  maintained. 
In genera l ,  i t  has been found that t h e  H4 LDH o f  c l o s e l y  r e -  
l a t e d  spec ies  has similar migratory and thermal s t a b i l i t y  p rope r t i e s .  
Smal l  but  s i g n i f i c a n t  d i f f e rences  can be observed w i t h  some c l o s e l y  
r e l a t e d  species .  In t h e  bu l l f rog  H, 50% o f  t h e  enzymatic a c t i v i t y  
i s  l o s t  a f t e r  20 minutes a t  52'; t h e  temperature must be r a i s e d  t o  
56' t o  ob ta in  t h e  same degree o f  i n a c t i v a t i o n  i n  20 minutes f o r  t h e  
l eopa rd  f r o g  H LDH. These small d i f f e rences  a r e  q u i t e  reproducible  
and represent  s u b t l e  d i f f e rences  i n  t h e  LDH s t r u c t u r e  . We have had 
adequate experience t o  s t a t e  that t h e s e  d i f f e rences  i n  hea t  l a b i l i t y  
can be used as an  index of  spec ies  r e l a t i o n s h i p s .  
Table XXV i n d i c a t e s  that a r e l a t i v e l y  l a r g e  i n c r e a s e  i n  t h e  
h e a t  s t a b i l i t y  o f  the H type  LDH occurred a t  one po in t  during ver te -  
b r a t e  evolution. As t h e  t a b l e  shows, a l l  t h e  lower i n v e r t e b r a t e s  
examined, which inc lude  a d iverse  number o f  f i s h  and amphibia, have 
a ha l f - inac t iva t ion  temperature of roughly 60'. 
o f  t h e  lower r e p t i l e s  and t h e  mammals. In c o n t r a s t ,  t h e  h igher  
r e p t i l e s  have temperatures of i n a c t i v a t i o n  o f  c l o s e  t o  80'. Ap- 
pa ren t ly  this  high temperature s t a b i l i t y  occurred a t  a time when 
t h e  higher r e p t i l e s  were evolving from the lower r e p t i l e s .  Bi rds  
This i s  also t r u e  
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gene ra l ly  have t h e  high temperature s t a b l e  H LDH c h a r a c t e r i s t i c  o f  
t h e  h igher  r e p t i l e s .  There a re  some except ions w i t h  regard t o  thermo- 
k b l l i t y  in a few h igher  b i r d s ;  i t  is poss ib le  that those spec ies  w i t h  
r e l a t i v e l y  uns tab le  H type LIlH may have o r ig ina t ed  comparatively 
r e c e n t l y  f r o m  t h e  s t a b l e  "primitive" h igher  r e p t i l e  o r  b i r d  enzyme. 
It is o f  i n t e r e s t  that t h e  thermal s t a b i l i t y  o f  t h e  mammalian H type 
is similar t o  that o f  t h e  lower i n v e r t e b r a t e ,  i n d i c a t i n g  that a t  
l e a s t  w i t h  r e spec t  t o  t h i s  physical property t h e  mammalian H LDH 
has undergone l i t t l e  change. 
Closely r e l a t e d  spec ies  usua l ly  have r a t h e r  similar e l e c t r o -  
phore t i c  migrations f o r  their  H type LDH's (8,40) ( see  Table X X V ) .  
There a r e  some c l o s e l y  r e l a t e d  spec ies ,  such as t h e  bu l l f rog  and 
leopard f rog ,  which have swjlcafitl~ d i f f e r e n t  mob i l i t i e s :  
mammals examined a l l  have a very r a p i d l y  migrating H type LDH (12 
t o  15 CM). Most f ish) . amphibia ,  and r e p t i l e s  have enzymes that  
migrate  considerably slowly (5 to 10 C M ) .  The b i r d  H LDH's as  a 
whole a r e  except iona l ly  slow-moving. The paleagnathous b i r d s  (os- 
t r i c h ,  rhea,  and tinnamou), however, have somewhat f a s t e r  migrating 
enzymes and a r e  more l i k e  the  h igher  r e p t i l e s  in th i s  respec t .  
Among b i r d s ,  on t h e  bas i s  of anatomical d a t a ,  th i s  group has long 
been considered t o  be p r imi t ive  and appears  t o  have evolved f r o m  
r e p t i l e s  before the  modern b i r d s  had d i v e r s i f i e d .  
tha t  both t h e  hea t  s t a b i l i t y  and e l ec t rophore t i c  p r o p e r t i e s  o f  t h e  
p r imi t ive  b i r d s  a r e  similar t o  those o f  t h e  h igher  r e p t i l e s .  Figure 
7 summarizes the  evolutionary changes o f  LDH in ver t eb ra t e s ;  t h e s e  
r e s u l t s  show good agreement with w h a t  i s  known about t he  genera l  
d i r e c t i o n  o f  v e r t e b r a t e  evolution. 
t h e  
It is i n t e r e s t i n g  
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Signi f icance  o f  Evolutionary Changes i n  Enzymes 
The quest ion can be posed as t o  whether change i n  enzyme 
s t r u c t u r e  during evolut ion has any f u n c t i o n a l  o r  su rv iva l  s i g n i f i -  
cance. A t  p resent ,  t h i s  i s  a d i f f i c u l t  ques t ion  t o  answer; however, 
our growing understanding of s u b t l e  d i f f e rences  in c a t a l y t i c  and 
phys ica l  p rope r t i e s  of l i k e  enzymes f r o m  d i f f e r e n t  spec ies  suggests  
%hat these  changes may have been important i o  n a t u r a l  s e l ec t ion .  
We have previously advanced t h e  premise that t h e  two types of 
LDH have f u n c t i o n a l l y  d i f f e r e n t  r o l e s  (22,24). This premise w a s  
based on observat ions that the re  w a s  a marked d i f fe rence  i n  t h e  
degree of i n h i b i t i o n  o f  t h e  two types by excess pyruvate, as i l l u s -  
F i g .  a t r a t e d  i n  Fig. 8 f o r  t h e  beef LDH's. The H type i s  maximally a c t i v e  
a t  l o w  l e v e l s  o f  pyruvate and i s  i n h i b i t e d  by h igher  concent ra t ions  
o f  t h e  keto ac id ,  In con t ra s t ,  t h e  M type shows l i t t l e  s u b s t r a t e  
i n h i b i t i o n .  These f i n d i n g s  may be r e l a t e d  t o  t h e  metabolic d i f f e r -  
ences o f  h e a r t  and s k e l e t a l  muscles. I n  t h e  h e a r t  a steady supply 
of  energy i s  requi red  and i s  maintained by a complete oxidat ion o f  
pyruvate i n  t h e  mitochondria; hence, i n h i b i t i o n  of t h e  LDH by ex- 
c e s s  pyruvate would favor  the oxida t ion  of t h e  keto acid. I n  
voluntary muscles, t h e  need usua l ly  is f o r  sudden energy and i s  
a s soc ia t ed  w i t h  a r a p i d  g lyco ly t i c  formation o f  pyruvate. To main- 
t a i n  g l y c o l y s i s  i t  i s  e s s e n t i a l  continuously t o  oxidize t h e  DPNH by 
LDH and pyruvate. 
enzyme that can operate  i n  the presence o f  temporar i ly  high concen- 
t r a t i o n s  of pyruvate should be found i n  t i s s u e s  that  have a sudden 
demand f o r  energy, The pll type enzyme appears  t o  be geared f o r  r e -  
duct ion of pyruvate, whereas t h e  H type LDH may be more d i r e c t e d  
toward  l a c t a t e  oxidat ion.  
Therefore, i t  appea r s  reasonable  that  an M type 
I n v e s t i g a t i o n s  i n  OUT l abora tory  have supported t h e  view o f  
t h e  d i f f e r e n t  r o l e s  o f  t h e  t w o  types,  I n  s t u d i e s  on var ious s t r i a t e d  
muscles it has c o n s i s t e n t l y  been found that  those  muscles that con- 
t r a c t  t o n i c a l l y  o r  rhythmically have considerably more H subuni t s ,  
as cont ras ted  t o  muscles without con t r ac t ions  (26,9,38), A d e t a i l e d  
examination o f  t h e  b r e a s t  muscle composition o f  a number o f  d i f f e r e n t  
b i r d s  showed that those b i r d s  that a r e  sus ta ined  f l y e r s  have a l a r g e  
percentage o f  H subuni t s ,  whereas b i r d s  that have only a sudden need 
f o r  use o f  t h e i r  b r e a s t  muscle have l a r g e l y  t h e  M form. There i s  a n  
exce l l en t  c o r r e l a t i o n  between t h e  f l y i n g  h a b i t s  o f  t h e  b i r d s  and t h e  
LDH composition of t h e  b r e a s t  muscle (38)- 
D r .  S a l t h e  o f  o u r  l abo ra to ry  has r e c e n t l y  made a survey o f  t h e  
s u b s t r a t e  (pyruvate) i n h i b i t i o n  c h a r a c t e r i s t i c s  of a number o f  d i f -  
f e r e n t  amphibians, The t e r r e s t r i a l  spec ie s  have h igher  indexes o f  
i n h i b i t i o n ,  as compared t o  t h e  a q u a t i c  amphibians ( see  Table X X V I ) ,  
There appears t o  be a c o r r e l a t i o n  between t h e  environmental oxygen 
t ens ion  and t h e  LDW. The more anaerobic  t h e  environment, as i n  the  
case  o f  t h e  aqua t i c  animals,  t he  g r e a t e r  t h e  r e l a t i v e  amount o f  M 
type LDH, as  aqua t i c  and t e r r e s t r i a l  amphibians a l s o  have been found 
t o  d i f f e r  i n  t h e i r  hemoglobins ( 2 9 ) ;  t h e  a q u a t i c  animals have hemo- 
g lob ins  w i t h  considerably g r e a t e r  a f f i n i t y  for oxygen, as compared 
t o  t h e  hemoglobins o f  t h e  t e r r e s t r i a l  amphibians. It i s  noteworthy 
that such r e l a t i v e l y  anaerobic v e r t e b r a t e s  as t h e  f l a t  f i s h  ( h a l i b u t ,  
f lounder ,  s o l e )  and t h e  lamprey have only t h e  M type LDH in a l l  t h e i r  
t i s s u e s .  
we= 
Big0 9 Figure 9 shows that  there  have been evolut ionary changes in 
t h e  mammalian M type LDR; t h i s  is i nd ica t ed  by t h e  d i f f e rences  In 
s e n s i t i v i t y  t o  high pyruvate concentrat ion;  t h e r e  a r e  o the r  c r i t e r i a  
. 
1 
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f o r  d i s t i ngu i sh ing  t h e  various mammalian LDH's. From t h e  poin t  o f  
view of natural s e l e c t i o n ,  t he  d i f f e r e n c e s  i n  t h e  curves o f  Fig. 9 
may be o f  some i n t e r e s t .  The r a b b i t  is an  animal that produces a 
g r e a t  dea l  o f  l a c t i c  a c i d  durlng a c t i v i t y ,  and t h e  evolut ion of a 
s t r o n g l y  anaerobic  M type LDH may have been advantageous t o  t h e  
s u r v i v a l  o f  th i s  mammal.  I n  c o n t r a s t ,  t h e  human, whose dependence 
on sudden and extensive a c t i v i t y  f o r  s u r v i v a l  i s  considerably l e s s ,  
has developed an  enzyme that i s  somewhat more s e n s i t i v e  t o  high 
concent ra t ions  o f  pyruvate. 
The LDH's also d i f f e r  i n  t h e i r  turnover  numbers w i t h  r e spec t  
Table t o  bo th  pyruvate and l a c t a t e .  Table X X V I I  l i s t s  some turnover  num- 
X X V I I  
be r s  w i t h  pyruvate of s eve ra l  LDH's. 
turnover  number than  t h e  H c a t a l y s t  does; t h e  f i sh  M types have 
s i g n i f i c a n t l y  h igher  turnover numbers than t h e  corresponding enzymes 
i n  av ian  and mammalian species  do. The Lac tobac i l lus  LDH appears  
t o  have a considerably lower turnover  number than  t h e  animal enzymes 
s tudied .  An g. c o l i  enzyme, p u r i f i e d  by M i s s  Tarmy, also appears  
t o  have a r e l a t i v e l y  low turnover number. 
The M type LDH's have a h igher  
S imi l a r  enzymes operate  under varying environmental condi t ions  
i n  d i f f e r e n t  spec ies .  Organisms l i v e  i n  a manifold o f  temperatures 
and hence one might expect that enzyme evolu t ion  has permitted adapta- 
Table t i o n  t o  p a r t i c u l a r  temperatures. Table XXVIII compares t h e  r a t e  o f  
X X V I I I  - - 
LDH a c t i v i t y  a t  45" t o  that a t  15" using a l o w  l e v e l  o f  pyruvate. 
It i s  o f  i n t e r e s t  that f o r  the warm-blooded animals t h e r e  i s  a n  
i n c r e a s e  i n  r a t e  o f  r eac t ion  when t h e  temperature i s  ra i sed .  How- 
ever ,  t h e  l o b s t e r  and t h e  ha l ibu t  enzyme, whose h a b i t a t  i s  a l o w  
temperature one, show a decrease i n  a c t i v i t y  as t h e  temperature i s  
increased.  These data i n d i c a t e  that t h e  a f f i n i t y  f o r  l ow amounts o f  
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pyruvate i n  the warm-blooded animal i n c r e a s e s  w i t h  temperature and 
that f o r  t h e  LDH's o f  t h e  cold-blooded animals  gene ra l ly  decreases.  
We have found that t h e  h a l i b u t  I# enzyme func t ions  a t  temperatures of 
8 t o  10' l i k e  t h e  chicken I LDH does a t  30'. Apparently, cold- 
blooded animals have evolved enzymes w i t h  s t r u c t u r e s  capable of  
func t ion ing  a t  l o w  temperatures. 
There are two types  o f  malic dehydrogenases i n  animals One 
usually i s  l o c a l i z e d  i n  the  mitochondria; t h e  second i s  found i n  
t h e  so lub le  p a r t  of  t h e  c e l l  (10,13,34,35). The mitochondrial  
enzyme appears  t o  be geared toward malate oxidat ion,  whereas t h e  
so lub le  malic dehydrogenase appears t o  func t ion  i n  t h e  d i r e c t i o n  
o f  reduct ion  o f  oxa loace ta te  (10,25) . 
The above examples c e r t a i n l y  suggest  that changes i n  enzyme 
s t r u c t u r e  may be important f a c t o r s  i n  natural s e l e c t i o n .  The 
r a p i d  development o f  methodology f o r  eva lua t ing  t h e  chemical, 
c a t a l y t i c ,  and phys ica l  p rope r t i e s  o f  enzymes promises t o  add  new 
understanding t o  t h e  physiological  s i g n i f i c a n c e  o f  s p e c i f i c  molecular 
changes i n  enzymes. 
It should be emphasized that t h e  use o f  the new biochemical 
procedures w i l l  n o t  supercede the c l a s s i c a l  phylogenic and taxonomic 
s t u d i e s  but w i l l  add q u a n t i t a t i v e  parameters f o r  use toge the r  w i t h  
t h e  c l a s s i c a l  approach. Spec i f i c  problems that t h e  c l a s s i c a l  methods 
cannot reso lve  may be solved by t h e  comparative enzyme techniques 
ou t l ined  i n  th i s  paper. Perhaps, i n  years  t o  come, i n v e s t i g a t o r s  
u t i l i z i n g  both  c l a s s i c a l  and molecular biology approaches w i l l  be 
a b l e  t o  c l a r i f y  t h e  in t ima te  mechanisms involved i n  evolut ionary 
change and i n  the o r i g i n  o f  new species .  
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TABLE I 
Rates of Reaction of the 3-Acetylpyridine Analog of DPB with 
Different Rabbit Dehydrogenases 
Dehydrouenase 
Liver  aicohoi 
Liver glutamic 
Heart mitochondrial malic 
Muscle lactic 
Muscle triosephosphate 
Heart lactic 
Liver phydroxybutyrate 
Muscle a-glycerophosphate 
$ Rate of AcPyDPX 
Compared to DPN 
450 
150 
125 
22 
10 
4 
41  
0 
32 
TABLE I1 
A m i n o  A c i d  Compositions of H e a r t  and Muscle T y p e  Lactic 
DehydrOgeMSeS From Chicken and B e e f a  
Amino 
acid 
L y s  
H i s  
A r g  
A S P  
Thr  
Ser 
G l u  
P ro  
G l Y  
A l a  
V a l  
Met 
I l e u  
Leu 
T y r  
Phe 
T r y  
CYS 
Chicken B e e f  
H4 N4 =4 M4 
99 112 96 103 
30 63 26 33 
35 35 34 42 
129 125 132 127 
75 51 56 48 
107 110 97 87 
122 102 129 121 
38 44 
96 io4 
80 81 
125 121 
25 31 
66 85 
149 121 
31 19 
19 27 
22 24 
26 26 
46 51 
98 100 
80 78 
138 115 
36 32 
85 91 
143 136 
29 29 
21 29 
22 24 
17 26 
From Pesce et al.  (32). a 
TABLE I11 
Amino Acid Composition of H4 Lactic Dehydrogenasea 
Arginine Isoleucine Lysine 
(residues/mole) 
Chicken 
Pheasant 
Turkey 
0 ow 
Babbit 
Man 
35 66 99 
38 67 97 
34 69 07 
34 
33 
30 
05 96 
04 97 
00 96 
Frog 21 65 95 
a Data from A. Pesce (31). 
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TABLE IV 
Amino A c i d  C o m p o s i t i o n  of M4 Lactic Dehydrogenasea 
Histidine Phenylalanine 
fresidues/mole) 
Chicken 
Pheasant 
Turkey 
Duck 
Caiman 
cow 
Rabbit 
Leopard frog 
Bullfrog 
Halibut 
Dogfish 
Lamprey 
63 27 
61 29 
73 24 
57 27 
46 26 
33 
41 
26 
29 
29 
26 
20 
26 
49 29 
42 26 
41 24 
a Data from A .  Pesce (31). 
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TABLE V 
Fingerprint  Pa t t e rns  of H Type Lactic Dehydrogenase 
and M Type Lactic Dehydrogenasea 
Chic ken 
Chicken M 
Turkey H 
Beef H 
Turkey M 
Dogfish M 
Chicken H + chicken M 
Chicken H + turkey H 
Chicken H +  beef H 
Chicken M + dogfish M 
Chicken M + turkey M 
No. of nirkl-drin 
pos i t ive  spots  
34-38 
35-38 
33-35 
33-35 
34-37 
34-37 
50-53 
35-40 
45-47 
52-56 
36-38 
Data l a r g e l y  from Dr. T. P. Fondy. a 
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TABLE VI 
Molecular Weights of Various Lac tic Dehydrogenasesa 
Species 
Beef 
Human 
Rabbit 
Chicken 
Turkey 
Pheasant 
Bul l f rog  
Dogfish 
Hall but 
Lobster 
Lactobacillus arabinosus 
!4 
153 
153 
a 
Data were obtained by the Ehrenberg method of approach 
to sedimentation equilibria, mainly by Dr. A. Pesce and 
Mr. J. Everse of our laboratory. 
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Sedimentation Constants for H and M Lactic 
bhydrogenasee and f o r  Lactiu Dehydrogenase 
4 4 
Species 
Beef 
Human 
Chicken 
Turkey 
B u l l f r o g  
Dogfish 
Lobster 
f rom Lactobacillus arabinosus ( 
s 2 0 , w  
H M4 4 
7 A 5  7.32 
7.46 - 
7.31  7 .33  
7 .49  7.52 
7.56 
7.56 
7-40  
Lac to bacillus arabinosua 7.50 
TABLE vIIr 
Molecular Weight and Number of Subunits of D 
M.W. Dehydrogenase - 
Lactic 145,ono 
Triosephosphate 150,000 
Yeast a lcoho l  140,000 
Liver alcohol 68,000 
Malic 67,000 
Glutamic 1,000,000 
fferent Dehydrogenases 
No. of subunits 
4 
4 
4 
2 
2 
30a 
a Approximate. 
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T A U  IX 
Malic Dehydrogenases Molecular Weight Determination by 
Sephadex Gel P i l t r a t i o n  
The following samples a l l  have malic dehydrogenases o f  67,000 
mzlecular weight by g e l  filtration. All t h e  crude ex t rzc ts ,  excegt 
f o r  t h e  b a c t e r i a l ,  were examined by s t a r c h  g e l  e l ec t rophores i s  and 
found t o  conta in  mul t ip le  f o r m s  o f  malic dehydrogenase. 
CRYSTALLINE ENZYMES 
Chick h e a r t  (mitochondrial)  
P ig  h e a r t  (mitochondrial)  
Os t r ich  h e a r t  ( superna tan t )  
Propionibacterium shermanil 
PURIFIED ENZYMES AND CRUDE EXTRACTS 
Pig h e a r t  ( superna tan t )  
Chick h e a r t  
Beef l i v e r  
Bul l f rog  h e a r t  (Rana ca tesb iana)  
Gar t e r  snake h e a r t  (Thamnophis s i r ta l is  s i r ta l i s )  
T u n a  h e a r t  
Dogfish h e a r t  
Horseshoe c rab  h e a r t  (Limulus) 
Oak s i l k w o r m  (Antheraea pernesi  ) 
P o t a t o  
Slime mold (Polgsphondglium p a l l i d u m )  
Neurospora c ra s sa  
Euglena g r a c i l u s  
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TABLE IX'(continued) 
BACTERIAL EXTRACTS 
Pseudomonadac ea e: Rhodopseudomonas palustris 
Xanthomonas prunl 
S p i r i l l u m  serpens 
Rhiz o blac eae : Chromobac terlum vlolaceum 
Achromobacteraceae: Alcaligenes faecalis 
Achromobao ter parvulue 
Enterobacteriaceae: Escherichia coli 11 
Cltrobacter freundll 
Aerobacter aerogenes 
Erwlnla caratovora 
Proteus vulgaris 
Nicrococcaceae: Micrococcus lysodelktlcus 
Actinomycetaceae: Streptomyces coellcolor 
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TABLE IXA 
Malic Dehydrogenases of Bacillus Species Molecular Weight 
Determination by Sephadex Gel Filtration 
B. subtilus 168 W 
B. brevis 
B. licheniformis 
B. macerans 
- B. stearothermophilus 
B. coagulans 
B. megaterium 
B. cereus 
B. subtllus var. niger 
B. pasteurii 
B. sphaericus 
B. circulans 
B. laterosporue 
B. thuringiensie 
B. lentus 
B. natto 
-- 
M.W. 
97 000 
+ 
+ 
M.W. 
67,000 
TABLE X 
C y s t e i n e  Sulfhydryl Content of D i f f e r e n t  L a c t i c  D e h y d r o g e n a s e s a  
' I;DH ' 
P h e a s a n t  H 
-
C h i c k e n  H 
B e e f  H 
T u r k e y  M 
C h i c k e n  M 
Frog pll 
B e e f  M 
D o g f i s h  M 
Hal ibut  M 
Lamprey M 
L o b s t e r  M 
Caiman 
No. of 
cysteine 
-SH 
re a idue a 
26 
25 
17 
24 
24 
6 
26 
24 
14 
20 
20 
30 
Data of T .  P, Fondg a n d  J. Bverse (14)- a 
A m i n o  
acid 
LYS 
His 
Arg 
'Asp 
Thr 
S a  
Glu 
Pro 
GlY 
Ala 
Val 
Met 
Ileu 
Leu 
- Tyr 
Phe 
Try 
Total 
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TABLE XI 
Amino A c i d  Compositions of 11 Triosephosphate Dehydrogenasesa 
Rab- 
b i t  - 
90 
34 
34 
131 
70 
58 
71 
43 
113 
114 
105 
31 
66 
62 
30 
48 
12 
1112 
Beef 
- 
90 
34 
35 
131 
71 
57 
74 
43 
112 
111 
110 
30 
63 
64 
31 
40 
13 
1117 
Human 
84 
3r 
31 
139 
70 
68 
74 
42 
117 
108 
95 
31 
65 
65 
31 
46 
13 
1110 
Chick- Tw- Phas- Hali- S t w -  Lob- E. Yeast 
en key ant but geon s t e r  coli 
84 87 87 87 
36 31 32 42 
34 35 36 35 
60 68 66 59 
61 62 59 72 
64 63 62 77 
42 42 42 41 
115 115 112 94 
121 120 117 106 
116 117 110 105 
138 137 134 110 
30 31 31 28 
58 58 56 71 
64 65 67 61 
31 31 31 32 
44 45 46 50 
12 13 13 13 
1112 1120 1098 1083 
97 94 87 91 
20 15 19 '27 
37 28 36 36 
130 118 148 130 
60 65 92 77 
58 76 50 88 
65 84 76 72 
42 38 31 41 
97 108 106 90 
111 114 124 108 
118 123 105 105 
29 34 24 21 
67 65 58 60 
64 61 69 73 
39 30 28 38 
46 50 37 35 
12 13 28 12 
1110 1116 1118 1112 
From Allison and Kaplan (2). a 
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TABLE X I 1  
Comparison of Rates of Reaction of Some Analogs of W N  with 
Yeast Alcohol Dehydrogenase and Horse Liver  Alcohol  Dehydrogenase a 
Ethanol (0.1 M) was used in all reaction mixtures. - 
Coenzyms 
DPN 
Deamino -DPN 
3-Acetylpyridine CEPN 
Pyridine-3-aldehyde - DPN 
3 -Thionic o t inamide -apN 
3-Benzolpyridine DPN 
Propyl pyridyl ketone DPN 
Uracil DPN 
T-Am 
1 
0.12 
0.05 
<0.02 
0.16 
0 
<0.01 
0.02 
a From Kaplan and Ciotti (23). 
M-ADH 
1 
1.1 
6.0 
0.95 
3.5 
0.31 
4.8 
0.75 
I -  
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TABU XI11 
Cata ly t ic  Proper t ies  of Vertebrate Lact ic  Dehydrogenasesa 
AoPyaPN/flPbT 
Species 
Chioken 
Turkey 
Duck 
Pigeon 
Caiman 
Turtle 
Bullfrog 
Sturgeon 
Halibut 
Mackerel 
Dogfish 
LaDlpI'ey 
cow 
Man 
Rabbit 
=4 M4 
0.15 
0.17 
0.18 
0.11 
0.07 
- 
0.18 
0.08 
- 
0.12 
0.26 
- 
0.06 
0.04 
0.05 
1.1 
2.0 
0.8 
0.7 
0.6 
0 .3  
0.2 
1.0 
0.7 
0.9 
0.2 
0.3  
0.2 
a 
Data from Wilson e t  a l .  (40) .  --
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TABLE: XIV 
Muscle Lac t i c  Dehydrogenase of t he  Phylum Arthropodaa 
AcPyDPN 
PPN S u bphy 1 un 
Mandi bulata  
Hermit c rab  
F i d d l e r  crab  
Green crab 
Edib le  orab  
Crayfish 
Lobster 
Che l i ce ra t a  
Limulus 
Tarantu la  
Wolf spider 
Scorpion 
6 
40 
18 
22 
15 
17 
0.08 
0.12 
0.06 
0.16 
a ~ a t a  From gaplan et al. (21). 
m I I  
Detectable  Reaction 
wi th  T" 
+ 
+ 
+ 
+ 
+ 
+ 
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T A B U  XV 
Malic Dehydrogenase, Mannitol Phosphate Dehydrogenase, and DNA 
Base Composition of Species in the Genus Bacillusa 
MaMitOl 
b Phosphate G +  Cd Malic 
Species Dehydrogenase Dehydrogenase' ( 5 )  
- B. subtilis 16.0 
- B. natto 17.4 
- 9. subtilis 22.5 
var. aterrimus 
- B. subtilis 17.9 
var. niger 
B. niger 14.8 -
- B. polymyxa 13.6 
0.70 43 
0.68 43 
0.75 42.5 
0.75 43 
0.73 43 
0.72 44 
- B. licheniformis 10.5 
- B. pumilus 6 . 4  
- B. macerans 0.8 
- B. circulans 0.6 
- B. megatherium 1.1 
- B. cereus > 100 
- Be alvei 3 100 
- B. cereus- 3 100 
a 
b 
C 
d 
~ 
megatherium 
0.55 46 
0.56 39 
0 . 5 3  50 .5  
0 .31  35 
0.22 37 
33 
33 
- 
- 
From Wilson and Kaplan (39) .  
Rate with DPN relative to rate with the ethyl pyridyl ketone 
analog; measurements made at 25' in the presence of 5 x 
L-malate at pH 8.9. 
Rate with the 6-hydroxyethylamino purine analog relative to 
the rate with DPN. 
M - 
DNA f r o m  species above the dotted line can transfomg. subtilis. 
~ ._ .__._. -- - -- - - 
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TAB&E X V I  
The Ef fec t  of I s o n i c o t i n i c  Acid Hydrazide ( I N K )  on t h e  
Diphosphopyridine Nucleotidases of Various Animals 
I 
I 
I .  
The a c t i o n  o f  a l l  t h e  n s e n s i t i v e "  enzymes was i n h i b i t e d  
t o  an ex ten t  g r e a t e r  than 65% by 7.5 x 10-4 
of t h e  " insens i t i ven  enzymes was not s i g n i f i c a n t l y  i n h i b i t e d  by 
INH; t h e  a c t i o n  
7.5 x loo4 4 rm. 
I ~ - " s e n s i t i v e "  
Goat  
Beef 
Lamb 
Deer 
Buf fa1 o 
INH- " ins ens i ti v e '' 
pig 
Horse 
Mouse 
Guinea pig 
Rat 
R a b b i t  
Frog 
Man 
. 
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TAB= XVII 
Inhibition of the Purified Triosephosphate Dehydrogenases by 
Pyridine-3-Aldehyde Diphosphopyridine Nucleotidea 
Enzyme 
Rabbit 
Beef 
HURlt3B 
Chicken 
Turkey 
Pheasant 
Halibut 
Sturgeon 
Lobster 
E. coli 
Yeast 
- -  
Inhibition at pyridine-3-aldehyde-DPN o o m e n  tra t ion of 
lo P@ 100 fl 1w 2crB 5w 
P 
3 
4 
0 
12 
10 
6 
8 
6 
7 
0 
39 
P P % P 
13 25 38 80 
16 
0 
14 
15 
18 
18 
14 
12 
0 
54 
25 
8 
26 
28 
28 
31 
20 
34 
0 
37 
20 
47 
41 
39 
41 
22 
65 
3 
89 
79 
60 
83 
81 
83 
75 
56 
89 
40 
95 
a From Allison and Kaplan ( 2 ) .  
TABLE XVIII 
Comparison of S e n s i t i v i t y  of Immunological Methodsa 
b Cross Reaction 
Antiserum Eieteroiogous antigen Quantitative 
Micro C '  Macro C '  prec ip i t in  
f ixa t ion  f i x a t i o n  reaction 
Anti-human Human 
hemoglobin A1 hemoglobin S 41 
Anti-human Chimpanzee 
serum albumin s e r u m  albumin 52 
Anti-chicken Turkey 
ovalbumin ovalbumin 
86 100 
97 
- 
89 
3 89 96 
Anti-chicken Turkey 
H4 LDH H4 LDH 32 112 91 
From Wilson et  al. (40). 
Heterologous reaction is expressed a s  a percentage of t h e  homologous 
react ion . 
a --
Micro Complement 
Hemoglobin 
A1 
S 
C 
82 
F 
TAJEIE X I X  
Bixation by Antiserum 
No. of amino acid 
subs ti tut i one 
0 
1 
1 
7-8 
40 
to Hemoglobin 
Anti-serum 
a 
A1 
concentration 
for 50% C' fixation 
1.0 
1 . 3  
1 . 3  
2.0 
> 5  
1 
a From Beichlin et a. (33). 
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T a a L E  LIX 
Micro Complement F ixa t ion  w i t h  Antisera t o  Pure Chicken P ro te ins  * 
Anti  serum c ODC e n t r a  ti on requi red  f o r  50% C' b f ixa  t i on 
Hemo- 
M 4  LDH TPDC - G D H ~  lase g lobin  A l d O -  -H LDH 4 Species  
iihicken q n  7 n  1.0 1.0 1.0 1.0 A o U  .L.V 
~ Turkey l e 4  1 .2  1.0 1.0 1.0 1.0 
I Duck 
Pigeon 
Ostrich 
1.5 4.3 1 . 2  1.2 2.2 
2.3 2.0 1.3 1 . 3  3.6 
1.9 3.1 1.3 1.4 5.0 
Caiman 3.3 4.2 3.8 4.0 6.5 
Painted t u r t l e  4.0 5.2 4.2 4.0 6.5 
Bul l f rog  14 40 30 1 9  18 
Sturgeon 80 20 1 2  25 
Hal ibut  
Dogf i sh 
Lamprey 
Hagfish 
C - 200 7 50 
7 100 7 200 7 50 
C 30 7 50 - 100 7 100 
7100 
a From Wilson Q. (40). Data presented a r e  based on t h e  use o f  
s e v e r a l  an t i -ch icken  H4 LDH s e r a ,  two aa t i -ch icken  M4 U I H  s e r a  and one 
each o f  t h e  o the r  ant i -chicken protein sera .  
t i s s u e s  con ta in  no de tec t ab le  H4 LDH. 
Halibut  and lamprey 
Triosephosphate dehydrogenase. 
Glutamic dehydrogenase e 
C 
Miera CaJmpbement Fixatfala by Antibodies t o  Halibut Enzymesa 
Relative Ab conc. for 50$ 
c' fixation a t  equivalence 
SpecbEes 
BONY FISBES (OSTEICE!l"YES) 
Teleostsi 
H e t  er cssomata 
Pacific halibut, H i p p o s  iossus stenolepis 
Petrale sole9 Bopsetta jordani 
(Summercia1 flounder (Boston) 
commercial sole ( B G S ~ O ~ )  
Per ci formes 
Scorpion fish, Scorpaenopsis gibbosa 
Mackerel, Sconifrrer scombrus 
Beryci f ornnes 
Squirrel fish, Holscentrus ensifer 
Ostariophysi 
Carp9 Cmrinus icarpfo 
Brown bullhead eaefbsh, IctaPurus nebulosus 
Apodes 
Brook trout, Salveldlnus fontinalis 
Commercia1 safmon (~srrton) 
Commercial smelt, O s m e r u s  moxdax 
Chain pickerel, Esox niser  
Atlantic herring, C l e r a e a  herensus 
1.0 
1.3 
1.3 
1.3 
2.0 
1.8 
1.8 
16 
18 
17 
20 
20 
6.0 
6.0 
4.1 
11 
13 
1.0 
1.1 
1.1 
1.1 
1.2 
1.5 
1.3 
1.6 
1.7 
2.0 
4.0 
4.2 
1.6 
1.6 
3.2 
6.0 
35 
Y 
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TABLE XXI (continued) 
Holos t ei  
Gar pike, Lepisosteus spatula 
Palaeoniscoidei 
17 20 
67 35 
African lungfish, Protopterus sp. NCb 100 
Spiny dogfish, Ssualus acanthias NCb NCb 
Lamprey, Petromyzon marinus Neb Ncb 
Sturgeon, Acipenser transmontanus 
pipnoi 
. CARTILAGINOUS FISHES (CHONDRICEpTBpE6) 
JAWLESS FISHES (AGNATHR) 
Data of A .  C. Wilson and W .  S, Allison. 
NC: indicates that no cross reaction was detected a t  the highest antibody 
a 
concentration tested. 
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TABLE XXII 
Cross Reactions of Various Arthropod Triosephosphate Dehydrogenases 
with Antibody to Lobster Triosephosphate Dehydrogenasea 
Relative antibody concentration 
enzyme concentration 
for 50% C* fixation a t  equal 
Lobster 
Crayfish 
South African lobster 
Centipede 
Honey bee 
Limulus 
1.0 
1.1 
1 - 3  
7.2 
11.0 
30.0 
a Data taken from A l l i s o n  and Kaplan ( 1  ).  
TARLE XXIII 
Complement Fixation by Antiserum Against  Alkal ine 
Phosphatase of Escherichia  - c o l i  gJ2a 
b Antiserum amount 
requi red  f o r  
Species  S t r a i n  and source 505 0' f i x a t i o n  
Escherichia  c o l i  g12 (0. Levinthal)  
T-A'U' (S. S. Cohen) 
C 
w 
I (S. Zamenhof) 
Crookes 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
Escher ich ia  f re l rndi i  17 (H. Blechman) 1.0 
Aerobacter aeroRenes 1088 (Harvard  Medical School) 3.0 
S e r r a t i a  marcescens SRll  Pa ren ta l  (L. Baron) 10 
Proteus m i r a b i l i s  35 (H. Blechman) ~ 7 0  
See Wilson and &plan (39) .  
Rela t ive  units: One ml o f  a n  approximately 1/70,000 d i l u t i o n  o f  a n t i -  
serum gave 506 C' f i x a t i o n  w i t h  the  Escherichia  enzymes. 
f i x a t i o n  data f r o m  D r s .  S. Cordes and L. Levine (unpublished) using 
a r a b b i t  ant iserum a g a i n s t  pure a l k a l i n e  phosphatase from E. c o l i  K12.  
The enzyme was p u r i f i e d  by D r .  C. Levinthal .  The enzymes of  o the r  
s t r a i n s  and spec ie s  were s tud ied  i n  sonic  e x t r a c t s  of  c e l l s  grown i n  
Inducing medium. 
a 
Micro 0' 
I '  . 
57 
Immunological 
HA LDH Mb LDH 
Chicken 1,Q 
Sturgeon 80 
. Mackerel - 
T W  80 
4 Halibut no H 
L a 0  
20 
140 
,200 
'200 
TAm XXIV 
Index of Dissimilarity oe Some V e r t e b r a t e s "  
TPD Aldolase Mitochondrial MDH - 
1.0 
12 
50 
1,O 1.0 
25 20 
- - 
> 100 > 100 
ZlOO - 
a Data of Dr. A. Wilson and Miss Natalie G r i m e s .  
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TABI;B XXV 
Temperature Stability and Electrophoretic Mobility of H4 
Lac tic Dehydrogenasea 
Taxonomic RrouP 
Ieognathous birds d 
hsseriformes (6/67) 
Piciformes (3/7) 
Coraciiformes (2/9) 
Trogoniformes (1/1) 
Apodiformes (l/3) 
Caprimulgiformes (1/5) 
gtrigiformes (1/2) 
~uculiformee (2/2) 
P s i  t taciformes (1/1) 
Columbif omes (2/2) 
Oharadriiformes (6/15) 
Gruiformes (2/12) 
Galliformes (1/3) 
-1 c onif orme s (3/5 ) 
hseriiormes (1/2) 
Ciconiiformes (1/7) 
Pelecaniformes (3/5) 
Procellariiforrnes (2/4) 
Podicipediformes (1/1) 
Gaviiformes (1/1) 
Sphenisciformes (1/1) 
Paleognathous Birds 
Tinamiformes (1/1) 
Rheiformes (1/1) (Rhea) 
Struthioniformes (1/1) (ostrich) 
Inactivation 
tempera tureb 
74 
79 
80 
68 
77 
’ 63 
68 
80 
67 
76 
77 
63 
77 
78 
76 
79 
80 
76 
79 
80 
79 
80 
79 
80 
Electrophoretic 
mobi l i  tga 
1.8 
2.8 
2.2 
0.2 
2.2 
0.2 
2.1 
2.4 
2.9 
2*2 
1*5 
2.2 
2.8 
2.1 
2.1 
2.1 
1.7 
1.5 
1.5 
1.8 
2.0 
6.6 
6.8 
6.6 
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TABLE XXV (continued) 
Higher R e p t i l e s  
Oaiman, Caiman crocodi lus  
Lizard ,  Iguana iguana 
Lizard,  Varanus f l av iuens  
Snake , blatrix spec ie s  
Snake, Cro ta lus  a t r o x  
Snake, Oons t r i c to r  c o n s t r i c t o r  
Lower R e p t i l e s  
Snapping t u r t l e ,  Ohelgdra s e r p e n t i s  
Painted t u r t l e ,  Chrgsemgs p i c t a  
Cooter t u r t l e ,  Pseudemgs s c r i p t a  
S o f t - s h e l l  t u r t l e ,  Trlonyx ferox 
hmmals 
Man 
Domestic cow 
Domestic p ig  
Laboratory r a b b i t  
Laboratory mouse 
Laboratory rat 
S q u i r r e l  , Sciurus c a r o l i n e n s i s  
European hedgehog, Xrinaceus europaeus 
S h o r t - t a i l  shrew, Blar ina brevicauda 
Opossum, Didelphis virginlam 
Kangaroo, Macropus robus tus  
A m p h i  b ians  
Bullfrog, Ram ca tesb iana  
Leopard frog, Rana pipiens  
Toad, Bufo marinus 
Congo e e l ,  A m p h i u m a  tridactglum 
76 
82 
85 
00 
80 
77 
58 
52 
~ 6 0  
65 
6 1  
61  
65 
60 
60 
60 
65 
66 
60 
69 
52 
56 
65 
60 
5.1 
5.6 
2.5 
6.3 
6.3 
5.3 
6.1 
5.7 
6.3 
5.2 
15 
12 ' 
16 I 
12 
15 
15 
7.7 
15 
15 
10 
3.4 
7.4 
11 
Bony f i s h  
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TABLE XXV (continued) 
Sturgeon,, Acipenser transmontanus 
Haddockj Melanogrammus aeRlefinus 
Mackerel, Scomber mrombrus 
O~rtllaglnous f i sh  
62 
63 
60 
Seven-gill shark, Botorhynchus maculatum 68 
Spiny dogfish, Squalus acanthias 
ahimera,, Hydrolagus collei 
Oyclostomes 
Lamprey, Petromgzon marinus 
Hagfish, Eptatretus stouti 
64 
c 65 
e 
<65 
6.9 
7.8 
6.1 
5.0 
4.1 
7.0 
e 
4.8 
a From Wilson st e. (40). 
tion in 20 min. 
electrophoresis at pH 7 for 16 -,at 10 v/cm. 
Temperature ('0) required for 50s inactlva- 
Distance (cm) moved during horizontal staroh-gel 1 C 
So many birds have been 
studied that we have averaged the data for each order. The neognathous 
orders are arranged in a sequence, those near the bottom of the list 
being considered by ornlthologlcalauthorities to be more primitive than 
= those near  the top of the list. In parentheses, we record the number of 
families examined as a fraction of the total number of fami l l e s  in the 
order. 
examined contain only  M4 LDH, as judged by imunolagical, electrophoretic, 
and catalytic criteria. 
e The lamprey has no H4 ItDH in the heart; all lamprey tissues 
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Cor re l a t ion  Between Environmental Oxygen A v a i l a b i l i t y  and S u b s t r a t e  
I n h i b i t i o n  o f  Lac t i c  Dehydrogenase i n  Amphibian Hearts' 
Snecies  
T e r r e s t r i a l  
Spadefoot toad (Scaphiopus) 
Spring peeper (Hyla) 
Ant -eat ing t o a d  (Rhsno~hrynus ) 
Spadefoot t o a d  (Pelobates) 
Green toad (Bufo) 
American toad (Bufo) -
Wood f r o g  (Eana) 
Marine t o a d  (Bufo) 
P a c i f i c  t r e e  toad  (Hyla) 
F i r e  salamander (Salamandra) 
European t r e e  f r o g  ( H y l a )  
Aquatic-cold, rllnning water 
P a c i f i c  g i a n t  salamander larva (Dicamptodon) 
Bell t o a d  [Ascaphus) 
A q u a  t i c  --standing water 
Pa in t  e d frog ( Df s c oal o 8 sus ) 
Fi re -be l l i ed  toad (Bombina) 
Axolot l  (Ambystoma ) 
Surinam toad (Pfpa) 
Mudpuppy (Xecturus) 
Congo e e l  (Amphiuma) 
2.54 
2.43 
2.32 
2.31 
2.30 
2.18 
2.08 
2.01 
1.94 
1.92 
1.62 
2.25 
1.66 
1.70 
1.66 
1.64 
1.46 
1.45 
1.43 
. 
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TABLE XXVI (continued) 
Dwarf s i r e n  (Pseudobranchus) 
Afr ican clawed water frog (Xenopus) 
Greater s i r e n  (S i ren)  
Lesser  s i r e n  (S i ren)  
1.37 
1.32 
0.86 
0.76 
a From S a l t h e  and f ip lan ,  i n  preparat ion.  I n d i c a t e s  r a t i o  
o f  r e a c t i o n  of  low t o  high pyruvate (see refs .9 ,38 1. 
TBBLE X X V I I  
Analog Rat ios  and Turnover bTumbers of  Various Heart 
and Huscle Type Lactic Dehydrogenasesa 
Species 
Beef 
Ohicken 
Frog 
Dogfish 
Rabbit 
Haddock 
Tuna 
Halibut 
b Turnover Numbers 
*4 M4 
~ ~~~ 
49,400 80,200 
45,500 93 , 400 
- 86,000 
- 109,000 
41,500 - 
146,000 
165,000 
153 , 000 
a Data mainly from A .  Pesce (31,.32): Represents moles DPHH 
oxidized per mole o f  enzyme per minute a t  25 , pH 7.5, with 
pyruvate a t  Ifmax. 
0 
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TABLE XXVIII 
0 
Ratio of Activity of so of Different Lactic Dehydrogenases at 
15 
-4 a 
Low Pyruvate Concentration ( 2  x 10 8)  
Chicken H 4.6 
Beef H 3 .8  
Ohlcken M 1.7 
Turkey M 1.7 
Duck M 1-9 
Beef M 2.0 
Frog M 0.97 
Sturgeon M 1.10 
Dogfish M 0.80 
Lamprey M 0.80 
Halibut M 0.64 
Lobster 0.45 
a B. 0. =plan and S. White, unpublished experiments, 
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Figure Legends 
fig, 1. S t r u c t u r e  o f  +acetylpyridine and nicotinamide, 
Fig. 2. E f f e c t s  of add i t ion  of DPNH and etbanol  on insotivation 
I Fig. 3. E f f e c t  of DPEH + AcPyDPNH on ~-mercur ibenzoate  binding 
o f  beef H LDE ( f r o m  D i  Sabato and Xaplan (11)). 
fig. 4. p-Hercuribenzoate binding of  act ive s i t e  -SB groups in 
I 
var ious  LDH's. Data of T. P. Fondy and J. Everse. 
Fig. 5 .  Active site pept ides  o f  var ious LDH's. 
a Presence o r  absence of amide not yet  es tab l i shed .  
From Harris (17). 
From Perham and Harris (30). 
Pig. 6 .  Divergence of three evolut ionary lines. I 
Pig. 7. Evolut ion of  ve r t eb ra t e  LDH. 
1 
Fig. 8. Effect of pyruvate concent ra t ion  on r a t e  of  beef M 
l 
and chicken H LDH's (22). 
Fig. 9. S u b s t r a t e  i n h i b i t i o n  of var ious  mammalian M LDH's I 
(M. M. C i o t t i  and B. 0. gaplan,  unpublished r e s u l t s ) .  I 
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NEOGNATHQUS 
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